Among the true bacteria, substantial cellulose synthesis occurs only in the genus Acetobacter, of which the most-studied species has been A. xylinum (13, 17, 26) .
Some general features of cellulose formation in this organism, pertaining to the present study, are as follows. (i) Synthesis by resting cells occurs from a defined exogenous substrate in a system practically free from net synthesis of any other polysaccharide (5, 14, 27, 38) . (ii) The polymer product is accumulated exclusively in the extracellular phase (10, 27) . (iii) Synthesis is immediate at onset, varies linearly with cell concentration, and is essentially irreversible (12, 27, 35) . (iv) Dissimilation of carbohydrates occurs mainly via the pentose cycle; hexose-phosphate is a common intermediate of cellulose synthesis and glucose oxidation (6, 25, 39, 44, 45) . (v) Swirling of growth cultures facilitates overgrowth of the wild-type organism by a mutant which is specifically deficient in the ability to form cellulose (40) .
The path of carbon into cellulose has been investigated in higher plants, algae, and bacteria (2, 14, 37, 39, 42) . Through analogy with other polysaccharide-synthesizing systems, it has been assumed that phosphorylated sugars and nucleotide sugars are the primary precursors of cellulose. This assumption has not as yet been firmly established, mainly because it has not been possible, to date, to demonstrate convincingly in vitro synthesis of fibrillar cellulose from such compounds. Synthesis of fibrillar cellulose has been achieved with cell-free lysates of A. xylinum with glucose as the substrate, but such lysates showed only little activity in converting hexose-phosphates and UDP-glucose into cellulose (M. Benziman and M. Swissa, Abstr. Am. Chem. Soc./Chem. Soc. Japan, Congress 1979, CELL-46). The involvement of lipid-and protein-linked intermediates in cellulose synthesis in A. xylinum has been postulated by Colvin and co-workers (29, 30) , and the synthesis of glucosyl-phosphoryl-polyprenols from UDP-glucose, using EDTA-treated A. xylinum cells, has been reported (21 MATERIALS AND METHODS Cells. The cellulose-synthesizing strain of A. xylinum was the same as in earlier investigations (40, 45) . Cells were grown for 24 h at 300C under static conditions, as previously described (4) . The pellicles produced at the liquid-air interface of the medium were transferred to a flask containing 0.05 M phosphate buffer (pH 6.0; 150 ml per pellicle), and the cells were released by shaking vigorously by hand. The suspension was passed through 16 layers of gauze and then centrifuged at 10,000 x g for 15 min. The cells in the pellet were washed once and then suspended in the same buffer. All the stages of harvesting and washing were carried out at 4°C.
The celluloseless mutant of A. xylinum was obtained as described by Schramm and Hestrin (40) and was grown and harvested after 24 h as described by Schramm et al. (41) . The culture medium for both the wild-type and mutant strains, prepared with glassdistilled water, was as follows: 2% succinic acid; 0.5% yeast extract (Difco Laboratories); 0.5% peptone (Difco); and 0.3% KH2PO4. The medium was brought to pH 4 Analysis of products. All of the steps described below were carried out at 0 to 4°C, unless otherwise specified. Carier cellulose powder (30 mg) was mixed into the terminated-reaction mixture, and the phases were separated by centrifugation with the lower (organic) and upper (aqueous) phases removed. The interface was suspended in 2 ml of water, and 3 ml of chloroform-methanol (2:1, vol/vol) was added and mixed in. The separated phases were added to the corresponding layers from the previous step. The combined organic layers were washed once with 3 ml of a solution containing 0.58% NaCl, 0.034% MgCl2, and 0.04% CaCl2 (18) , and then transferred to scintillation vials, dried with a stream of N2, and counted. This fraction is referred to as "chloroform soluble."
The interface fraction was washed five times with 2 ml of water, and the washings were added to the combined aqueous layers from the previous step. A portion of the aqueous fraction was supplemented with a mixture of 5 mM each glucose, gluconate, glucose 6-phosphate, glucose 1-phosphate, 6-phosphogluconate, UDP-glucose, and fructose 6-phosphate and then dialyzed for 48 h against 6 liters of water, with intermittent changes of the water. The dialysate was concentrated in a lyophylizer and then counted. This fraction is referred to as "water soluble." The remainder of the undialyzed aqueous fraction was kept for the analysis of hexose-phosphates, UDP-glucose, and glucose, as described below.
The washed interface fraction was treated with 3 ml of 0.5 N NaOH for 20 min in a boiling-water bath. The mixture was centrifuged, and the pellet was washed five times with water. The washings and the alkali supernatant were combined and counted. This fraction is referred to as "alkali soluble." The washed alkalitreated precipitate was dried at 60°C and counted and is referred to as the "cellulose fraction." Analytical methods. The labeled glucose 6-phosphate, glucose 1-phosphate, 6-phosphogluconate, and UDP-glucose, within a mixture, were determined by measuring the 14CO2 released in the sequential conversion of each of these compounds into ribulose 5-phosphate. This was accomplished with the aid of the following enzymes: UDP-glucose pyrophosphorylase, phosphoglucomutase, glucose 6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase. (M. Swissa, Ph.D. thesis, The Hebrew University of Jerusalem, Jerusalem, Israel, 1978). Glucose was determined with glucose oxidase and peroxidase (9) .
Radioactivity was determined in a Packard TriCarb liquid scintillation spectrometer. Values were corrected for quenching by the use of internal standards. '4C-labeled material was counted in a scintillation liquid containing 1 part of Triton X-100 to 2 parts of standard, toluene-based scintillation fluid.
Thin-layer chromatography. Cellodextrins and monosaccharides were separated on silica plates, with VOL. 143, 1980 on September 7, 2017 by guest http://jb.asm.org/ isopropanol-ethyl acetate-water (5:3:2, vol/vol/vol) as the solvent (36) . After chromatography the plates were dried, and sections of 1 cm width were scraped off and counted. Sugars were detected with the anilineglacial acetic acid reagent (19) .
Enzymatic treatment of alkali-and water-soluble fractions. The alkali-soluble fraction was dialyzed for 48 h against water, with intermittent changes of the water. Samples of radioactive watersoluble and dialyzed alkali-soluble fractions were lyophylized to dryness and then dissolved in water. These preparations were subjected to the action of cellulase and pronase under the following conditions: (i) cellu At various time intervals (5 s to 60 min), the cells were extracted and analyzed for "C-labeled hexose-phosphates and UDP-glucose and for "C incorporation into various cell fractions. In addition, the "C-labeled cellulose formed and the glucose concentration in the medium were also determined. Since carbohydrate oxidation in A. xylinum occurs by way of the pentose cycle (39, 44) (Fig. 3A) . In this case, incorporation into all of the fractions continued to increase over the period studied, The water-and alkali-soluble fractions were treated with either cellulase or pronase. About 50% of the radioactivity from the water-soluble fraction and 35% from the alkali-soluble fraction were hydrolyzed by pronase, whereas 80 to 90% of the radioactivity in these fractions was hydrolyzed by celiulase (Table 1) 2,970 33 a Samples of radioactive water-soluble and dialyzed alkali-soluble fractions were treated with the enzymes indicated, and the digests were dialyzed or chromatographed on Sephadex G-50 columns as described in the text. Radioactivity remaining in the dialysis bag or eluting with the void volume is considered to be nonhydrolyzed material, and the radioactivity released by dialysis or included in the column (V,) is considered to be hydrolyzed material. The recovery of radioactivity was 95 to 100%.
was released by such treatment. It appears, therefore, that the carbohydrate-peptide linkage is not an o-glycosidic link to serine or threonine (31) .
Glucose transfer from glucoprotein to cellulose. A precursor-product relationship between the water-and alkali-soluble products and cellulose was indicated by an in vivo pulse-chase experiment (Table 2) . Cells were first incubated for 30 min with [1-'4C]glucose at 00C. The cells were diluted, centrifuged, and reincubated at 300C either with an excess of unlabeled glucose or in buffer. At the end of the fit incubation, some cellulose was formed, and the alkali-and water-soluble fractions of the cells were the ones mainly labeled. The distribution of radioactivity remained unchanged after a second incubation period at 300C in buffer. However, when the cells were reincubated with unlabeled glucose, radioactivity was quantitatively chased, initially from the alkali-soluble glucoprotein fraction and subsequently from the water-soluble glucoprotein into cellulose.
DISCUSSION
Previous studies (38, 39, 44) have indicated that glucose catabolism in A. xylinum occurs mainly by way of a pentose cycle, that cells acting on glucose rapidly form gluconate, and that, although glucose supports a much more rapid initial cellulose synthesis than does gluconate, the bulk of glucose carbon is assimilated to cellulose via a pentose cycle operating on intermediary-formed gluconate. Predicated upon these findings, [1-_4C]glucose appeared to be the substrate of choice for studying the kinetics of labeling and turnover of '4C-containing compounds that are potential precursors of cellulose. A sequence of events similar to those occurring during a pulse-chase experiment would ensue with limited amounts of this substrate. A rapid influx on the pathway to cellulose of labeled noncycled hexose moieties derived directly from exogenous substrate would occur from the outset and would shortly be followed by a flow of unlabeled moieties arising from pentose cycle intermediates.
Hexose-phosphates and sugar nucleotides may be considered to be likely primary precursors of cellulose. Enzyme systems which could affect formation of such precursors have been shown to be present in extracts of A. xylinum. These include an ATP-linked constitutive glucokinase catalyzing the phosphorylation of glucose to glucose 6-phosphate (7), a phosphoglucomutase promoting the interconversion of the latter compound to glucose 1-phosphate (23), and a UDP-glucose pyrophosphorylase reacting UDP with glucose 1-phosphate to form UDPglucose. In our experience, the latter is the only nucleoside diphosphate glucose pyrophosphorylase present in these extracts (Swissa, Ph.D. thesis). The actual in vivo occurrence of this sequence of reactions in cells actively synthesiz- VOL. 143, 1980 on September 7, 2017 by guest http://jb.asm.org/ Downloaded from ing cellulose was indicated here by the rapid incorporation of C-1 of glucose into glucose 6-phosphate, glucose 1-phosphate, and UDP-glucose (Fig. 1) . The pattern of labeling and turnover of these 1-'4C-labeled compounds, when related to the kinetics of glucose C-1 incorporation into cellulose in resting whole cells described here, indicate that glucose 6-phosphate, glucose 1-phosphate, and UDP-glucose are indeed the primary precursors of cellulose in A. xylinum.
The possible involvement of UDP-glucose or glucose 1-phosphate or both in cellulose synthesis by A. xylinum has previously been suggested by Cooper and Manley (14) from studies on the concentration behavior with time of these compounds during cellulose synthesis. Surprisingly, these authors report that glucose 6-phosphate is not present in detectable amounts during cellulose synthesis. The disparity between our observations and those of these authors could be due to differences in methods of extraction and of assay, as well as to the circumstance that our cells had a 100-fold-higher synthesizing activity. (28) . These two intermediates, correspondingly, could functionally be analogous to the lipid-bound sugar interinediates involved in the synthesis of bacterial cell wall components (34) and to the glucoprotein precursors of glycogen and starch (32, 33) .
A precursor-product relationship between the presumed glucoprotein intermediate and cellulose is suggested by the transfer into cellulose of ['4C]glucose retained in the water-and alkalisoluble fractions of pulse-labeled cells (Table 2) . In turn, an interaction between the synthesis of hexose-phosphates, UDP-glucose, glucolipid, and glucoprotein is indicated by comparing the kinetics of glucose transfer reactions in the celluloseless mutant with that in the wild type. In the wild type (Fig. 1) , the intermediates beyond UDP-glucose appear to be in a steady state, and the flow of hexose-phosphate and UDP-glucose carbon into cellulose is continuous and undisturbed. On the other hand, in the mutant (Fig.  2) , only the glucolipid reached a plateau, which can be interpreted as a steady state, and the carbons of hexose-phosphate and UDP-glucose were incorporated into the glucoprotein fractions which, unable to donate their glucose moieties to form cellulose, continued to accumulate during the incubation.
In accordance with this reasoning, it follows that the mutant is blocked in the stages of cellulose production beyond glucolipid and glucoprotein formation. This conclusion is compatible with the effect of coumarin (cf. 17, 24) , which specifically inhibits cellulose synthesis in the wild type and, in a similar manner, affects the glucosylation of endogenous acceptors in both the wild-type and mutant strains (M. Swissa and M. Benziman, unpublished data). In this respect, our mutant is different from the celluloseless mutants reported by other laboratories, in which lipid glycosylation does not occur during glucose utilization (16, 21, 43) .
The low specific activity of the cell-free system, which is about 0.2% of cellulose synthesis from glucose by whole cells, and the progressive loss of activity of these particulate preparations could be related to their lack of a specific acceptor or some structural factor of the cell wall or membrane and reflect the dependence of effective cellulose synthesis on the physical integrity of essential enzymatic and structural components of the synthetic system (3, 11, 16) . Such a deficiency of the particulate preparation could also explain why more glucose of UDP-glucose was incorporated into the glucoprotein than in the presumed final product, the ,B-1,4-glucan (Fig. 3) .
Another possibility to be considered (10, 15) is that the synthetic system consists of a multienzyme complex, the components of which are tightly coupled and react efficiently in a concerted manner. Studies on multienzyme complexes indicate that intermediary substrates in a multiple reaction sequence catalyzed by such complexes are not always used with great efficiency (20) . In our case, an intermediate such as UDP-glucose, normally derived from glucose, the first substrate of the sequence leading to cellulose, remains enzyme bound and does not exchange freely with the UDP-glucose when supplied in solution.
